were found in LH at SE-NCP, followed by the borderline cities (XY, SX and HA) and WH. The levels, sources, optical 25 properties (i.e., σabs and absorption Ångström exponent, AAE) and geographic origins of eBC were different between clean 26 and pollution episodes. Compared to clean days, higher eBC levels (increased by 26.4−163%) and σabs (increased by 27 18.2−236%) were found during pollution episodes due to more combustion of fossil fuel (increased by 51.1−277%), supported 28 2 by the decreased AAE (by 7.40−12.7%). Conditional bivariate probability function (CBPF) and concentration-weighted 29 trajectory (CWT) results showed that the geographic origins of biomass burning (BCbb) and fossil fuel (BCff) combustion 30 derived BC were different. Air parcels from south direction dominated for border sites during clean days, with contributions 31 of 46.0−58.2%, while trajectories from the northeast had higher contributions (37.5−51.2%) during pollution episodes. At the 32 SE-NCP site (LH), transboundary influences from south direction (CC) exhibited more frequent impact (with the air parcels 33 from this direction contributed 47.8% of all the parcels) on the ambient eBC levels during pollution episodes. At WH, eBC 34 was mainly from the northeast transport route during the whole observation period. Two transportation cases showed that from 35 upwind to downwind direction, the mass concentrations of eBC, BCff, and σabs all increased, while AAE decreased. This study 36 highlighted that intra-regional prevention and control for dominated sources at each specific site should be considered to 37 improve the regional air quality.
5 = −100 ( 0 )(1)
125
It assumes a linear relation between BC mass loading and the delta of ATN as a result of BC deposited on the tape. BC mass 
132
where C is the calibration factor (2.14 for quartz material tape); R (ATN) is a correction factor for shadowing effect and it is 
140
The loading compensation k is calculated according equation (5) and (6) 
143
For AE33, the area of sampled spot (A) is 0.785 cm 2 and enhancement parameter (C) is 1.57 for Teflon-coated fibre. The 6 one source to another, i.e., the AAE values for fossil fuel combustion and biomass burning derived BC are 1.0 and 2.0, 155 respectively (Sandradewi et al., 2008) . BC source apportionment method was established based on the AAE (Sandradewi et   156 al., 2008) and was verified by 14 C method (Zotter et al., 2016) .
157
Black carbon source apportionment using aethalometer model is based on the assumption that the aerosol absorption coefficient 158 is different from fossil fuel combustion derived BC (BCff) and biomass burning derived BC (BCbb). Because the absorption 159 coefficients at different wavelengths are different and the absorption of BCff and BCbb follow different spectral dependencies.
160
The Ångström exponents: αff and αbb are used to describe the dependencies of fossil fuel and biomass burning, respectively.
161
The 
166 BB(%) = trajectory analysis, the air masses reaching at each observation site during the sampling period were calculated for 24 times 7 with 1-hour resolution each day (starting from 0:00 to 23:00) at 200 m AGL (Fig. S2) . These trajectories were than clustered 185 according to their geographic origins (Fig. 1) trends. However, significant differences (p < 0.01) of these parameters were found (Table S3 ). For instance, the average 195 pressure, temperature and relative humidity at WH were significant higher (p < 0.01) than those at LH. For BLH, the mean 196 values of the five sites showed insignificant differences.
197
Six air pollutants (PM10, PM2.5, SO2, NO2, CO and O3) were available and the data were downloaded from the China and Henan provinces were about 0.6−1.0 g C m −2 yr −1 , which were higher than other regions burning should be taken priority during the haze episodes at WH. While it should give priority to biomass and coal combustion 247 control in North China to prevent air pollution.
248
Additionally, the aerosol optical properties (σabs and AAE) also exhibited different levels under different air quality. Similar to 249 eBC levels, the σabs elevated by 11.7−254% as the air quality switched from clean to pollution ( 282 . In this study, the BC, PM2.5 and CO were well correlated with each other (Fig. S8) 
286
Overall, BC in this study was not likely from industrial emissions (Fig. 7a) , as the BC/PM2.5 ratios (μg m −3 /μg m contrary, when the south wind dominated, BC was blowing from south to the north direction and high levels were found in the 303 south direction at WH and HA. However, at LH and XY, higher levels of BC were only found from south direction. In addition 304 to eBC levels, the BCbb and BCff under different wind speed and directions were also discussed at HA, LH and WH (Fig. 8) .
305
At HA, the CBPF plot of BCff was in line with eBC and high levels were from both northwest and south directions while the ) was only found in southeast direction. Similar result was also found at WH. High level of
307
BCbb was due to more biomass burning in the southeast direction of HA and WH (Fig. S10) . At LH, the CBPF plots of BCbb 308
and BCff were the same with the eBC as discussed above.
309
In order to describe the BC transportation from upwind to downwind directions, we used Eq. 
314
The large standard deviation of SAT reflected strong fluctuations in transport, which was due to wind speed, directions and 315 BC levels (Wang et al., 2018b).
316

Potential geographic origins
317
Employing CWT method, the potential geographic origins of eBC for the five sites were explored (Fig. S11) . Overall, CWT 318 results of eBC at the five sites suggested that high eBC levels were found both in the north and south directions of LH and 319 WH, while the high levels (i.e., > 4 μg m −3 ) of eBC were only found from northeast directions of HA, SX and XY (Fig. S11 ).
320
Additionally, the potential geographic source regions of BCbb and BCff at HA, LH and WH were also discussed as shown in and CBPF results at WH suggested that there were intensive biomass burning activities in the south direction of WH during 327 the observation period, which was verified by the MODIS fire-points distribution (Fig. S10 ).
328
We also discussed the source region differences of BC under different air quality (Fig. 11) . The higher levels (>1 μg m 
Case studies for BC properties variation during transportation
341
To explore the BC variations (i.e., mass concentration, sources and AAE) during the transportation, we chose two cases. LH 342 and HA were selected as the study sites due to the same instrument deployment (AE33) and they are representative of SE-NCP 343 and CC. BC transportation from HA to LH and from LH to HA were both considered. Figure 13a show the hourly backward 12 trajectories reaching at HA on 2018-1-12 and the trajectory at 13:00 (GMT) (black line) was found passing through LH and 345 the travelling time was about 28 h. Therefore, the eBC mass concentration (including BCff and BCbb), σabs and AAE at the 346 upwind site LH on 8:00 2018-1-11 (GMT) and downwind site HA on 13:00, 2018-1-13 (GMT) were compared (Fig. 13b) 
370
Therefore, the diameter of BC particle increased during the transportation due to the aging processes supported by the increased 371 absorb coefficients and decreased AAE as discussed above. Liu, D., Li, J., Cheng, Z., Zhong, G., Zhu, S., Ding, P., Shen, C., Tian, C., Chen, Y., Zhi, G. Table   S1 and S2 in the supplementary materials. ) and heavy pollution conditions (PM2.5 >250 μg m −3 ), respectively. The data number for the different air quality could be found in the supplementary file (Table S4) . 
